Abstract-In this letter, we propose and experimentally demonstrate a compact, flexible, and scalable ultrawideband (UWB) generator based on the merge of phase-to-intensity conversion and pulse shaping employing an fiber Bragg Grating-based superstructure. Our approach offers the capacity for generating high-order UWB pulses by means of the combination of various low-order derivatives. Moreover, the scheme permits the implementation of binary and multilevel modulation formats. Experimental measurements of the generated UWB pulses, in both time and frequency domain, are presented revealing efficiency and a proper fit in terms of Federal Communications Commission settled standards.
Scalable High-Order UWB Pulse Generation Employing an FBG-Based Photonic Superstructure reconfigurability [5] , it has constituted a solid base for different UWB signal generation and modulation approaches in the last years [6] .
Initially, UWB monocycles and doublets have been considered standard waveforms for UWB applications. However, the generation of high-order pulses is found more interesting since they are capable of satisfying fully Federal Communications Commission (FCC) regulations [7] . Among the most relevant techniques related to obtain such highorder pulses, we can find microwave photonic filtering [8] , nonlinearities exploitation by means of Semiconductor Optical Amplifiers (SOAs) [9] and PM-IM conversion based schemes [10] . At the same time, these approaches can be classified into those which require the insertion of one coefficient into the system for each Gaussian based pulse [8] , [9] and those designs that consist on the merge of various low order UWB pulses, such as monocycles and doublets [10] [11] [12] . On one hand, the first ones based on Gaussian pulses do not comply with fully wavelength efficiency or rely on complex non-linear effects that disable any reconfiguration capability. On the other hand, the last ones are more competent when compared to the before mentioned schemes. However, the current architectures based on these last architectures present some deficiencies such as lack of flexibility, low reconfiguration and finally, limited integration feature.
The concept of combining phase modulation with optical filters has been approached previously [13] , [14] but high order pulses generation has not been experimentally reported. In the case of [13] , the PM-IM conversion takes place in a single FBG, constraining any possibility of high-order pulses creation. As for [14] this design reveals a complex receiver due to the presence of a balanced photodetector (BPD). Therefore, such bulky architecture diminishes the possibilities of an integrated optics approach. In this letter, a flexible photonic architecture to generate high order UWB pulses employing a Fiber Bragg Gratings (FBGs) based superstructure has been proposed and experimentally demonstrated. The principle of operation relies on the combination of a phase modulator with a customized FBG array for a simultaneous process of PM-IM conversion and pulse shaping. Section 2 describes the principle of operation considering each one of the conversion operation points and the impact of different FBG design parameters. In section 3, experimental results are discussed. These results show that scalability in this implementation is directly related to the number of optical sources and FBGs within the array employed. Apart from the generation of pulses with an efficient compliance of the FCC spectral mask, this 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. optical UWB system holds the possibility of pulse codification, implementing different modulation formats such as Pulse Position Modulation (PPM), Bi-Phase Modulation (BPM) and Pulse Shape Modulation (PSM) which will be addressed at the end of this experimental section. Finally, conclusions are exposed in section 4.
II. PRINCIPLE OF OPERATION Figure 1 illustrates a scheme of the proposed high-order pulses generator with modulation capabilities by employing a FBG-based superstructure. In the layout, the optical signal from a set of "N" optical sources is launched to a phase modulator (PM) by means of a multiplexing stage, represented in this case by an Array waveguide grating (AWG). The PM is fed by an electrical Gaussian pulse sequence with a fixed pattern of one "1" and sixty three "0" (total 64 bits) at a 12.5 Gb/s bit rate and a RF Drive Pulse Amplitude of 0.250 Vpp. An important parameter to consider in this stage prior to the phase modulation step, it's the necessity of polarization control mechanisms for the operational wavelengths involved, this matter is addressed through individual polarization controllers (PCs) for each one of the lasers sources. The PM device has an insertion loss of 3.5 dB and a 3dB-bandwidth of 20 GHz. Once modulated, the obtained pulse is amplified with an Erbium Doped Fiber Amplifier (EDFA) and introduced to the FBG superstructure through an optical circulator. The assemblage will perform the desired PM-IM conversion in function of the optical wavelength selected for the employed optical sources.
The mentioned FBG structure consists on an array constituted by N FBGs designed with an apodized profile considering a precise separation "d" and length "l" in order to maximize the desired PM-IM conversion with an exact optical delay between adjacent optical taps for pulse shaping.
In this implementation, we expand the concept of PM-IM conversion with a single fiber Bragg grating (FBG) operating as a frequency discriminator [13] by introducing high order pulses generation and modulation capacities through the FBG superstructure. There is an intrinsic relation between the input wavelengths and the Bragg wavelengths of the FBGs that compose the customized photonic shaper. Experimentally, we have considered four (04) laser sources with a wavelength stability of tens of pm and a customized FBG superstructure comprised by 4 concatenated FBGs, hence N=4. The power reflection spectrum of the complete array is depicted in Fig. 2 . The design of a suitable FBG array is a significant matter since the quality of the reflected spectrum and the distance between each one will determine the quality of the high-order pulse to be produced. First of all, the separation "d" represents a key value for this superstructure. This parameter was designed to be around 8 mm since the optical delay, "τ ", between optical taps holds a direct relationship with such factor. It was determined to be close to 77 ps, which corresponds to a Free Spectral Range (FSR = 1/τ ) of approximately 12.9 GHz. Note that the FSR/2 around 6.45 GHz matches with the central frequency of the expected UWB spectral band. The FBG design requires minimizing the crosstalk between channels, so a certain wavelength separation between these FBGs is needed. Spectra of each FBG are spectrally approximately equispaced as shown in Fig. 2 .
The FBGs are centred at the wavelengths λ Bragg1 = 1549.808 nm, λ Bragg2 = 1550.712 nm, λ Bragg3 = 1551.656 nm and λ Bragg4 = 1552.620 nm. However, this wavelength separation is not enough to achieve reduced crosstalk. Furthermore, a specific apodized profile is required to reduce the secondary lobes of the FBG spectrum. The FBG inscription has been performed employing an Argon ion frequency-doubled laser at a wavelength of 244 nm. The inscription procedure is based on the use of an uniform phase mask combined with a precise relative movement between the phase mask and the optical fiber [15] . This technique permits the apodization of the refractive index modulation along the optical fiber. A Kaiser apodization is employed in these FBGs in order to obtain the desired spectrum. The use of a boron co-doped optical fiber increases the photosensitivity achieving a reflectivity between 82% and 90%. Finally, we evaluate the FBG shaper in function of the length. In this context, the length of the FBG is a flexible parameter. For this scheme, a 7 mm length (l) is considered an optimal value of length for each FBG within the array in order to avoid overlapping between adjacent gratings in the fabrication process.
Flexibility of the system is demonstrated since each FBG permits to operate at different working points along its optical transfer function providing alternative pulse generation possibilities. A qualitative depiction of the PM-IM conversion process is illustrated in Fig. 3 . In this scenario, by locating the optical carriers at the linear or quadrature slope of the FBG reflection spectrum, different waveforms are generated. For instance, FBG1 with operational point "a" achieves a monocycle, FBG2 provides a doublet by means of working point "b", FBG3 accomplishes a monocycle with opposite polarity to the one obtained with FBG1. Finally, FBG4 provides the corresponding inverse doublet for the waveform produced through FBG2. Figure 3 plots the experimental measurements and theoretical simulations corresponding to the four obtained waveforms and therefore the four operational points provided by the FBGs that comprised the structure. By changing the wavelength of each optical carrier inside the corresponding FBG, any kind of UWB pulse combination can be obtained.
III. EXPERIMENTAL RESULTS
To demonstrate and validate the capabilities for the generation and modulation of the proposed scheme, different signals were produced and analyzed as shown in Fig. 4 and Fig. 5 . Firstly, we examined the lower-order waveforms by means of the different FBGs that compose the array with the aim of obtaining the exact wavelength values in which they are generated.
One of the main properties featured by the superstructure is its capacity of generating UWB high order pulses by combining several low-order ones. To achieve this waveform, the proposed set up only employed two lasers with an optical power value of 5.5 dBm for each one. Activation of such optical sources is proportional to the number of lower order pulses to be reconfigured in the outcome signal. Wavelengths employed in this peculiar case were 1549.837 nm and 1550.683 nm. These values are directly related with the base UWB waveforms to be employed and hence the PM-IM conversion working point. For instance, in this case a triplet was accomplished by means of the lineal sum of two inverted doublet pulses, corresponding to the "C" and "B" operation points. This UWB triplet depicts a fractional bandwidth of 99.8% with a spectral efficiency of 65% in the 3.1-10.6 GHz band. The temporal and frequency response of the obtained triplet pulse are displayed in Fig. 4(a) and Fig. 4(b) , respectively.
In order to maximize the functionalities of the proposed system, along with high-order waveforms generation, implementation of diverse modulation formats such as Pulse Position Modulation (PPM), Bi-Phase Modulation (BPM) and pulse shape modulation (PSM) is also feasible. In the case of PPM, two, three or the whole four gratings are employed according to the number of time shifts aspired, separation between the original pulse and the delayed ones would locate at approximately 77 ps, 154 ps and 231 ps. In case of BPM, the system only requires to employ two gratings in order to accomplish this modulation format by wavelength tuning. We focus the experimental results in the performance of PSM because it shows on its own the full potentiality of our approach. Finally, a four level PSM scheme was also experimentally demonstrated. For this implementation, the system relies on the progressive activation of its optical sources (corresponding to wavelengths λ 1 , λ 2 , λ 3 and λ 4 ) and the capacity of generating lower and higher order UWB waveforms through the customized FBG superstructure Performance of this concept was carried out experimentally and its corresponding results are depicted in Fig. 5 .
In this way, depending on the selected conversion point of the PM-IM cycle we can control the obtained pulse in the time domain. Therefore, by generating high order pulses it is possible to accomplish four different waveforms for an UWB PSM format. This reconfiguration process based on wavelength tuning can be explained as follows: in the case of Fig. 5(a) , a monocycle was implemented through the use of a single laser which wavelength of λ A1 = 1549.721 nm was located at the resonance of FBG1. Then, this same optical source was set to λ B1 = 1549.771 nm in order to obtain the doublet depicted in Fig. 5(b) . In the case of the third stage of modulation, the triplet was accomplished by means of the combination of operational points "C" and "B" of FBG1 and FBG2, this translates into activating simultaneously two lasers and setting the first one at λ C1 = 1549.837 nm and the second one at λ B2 = 1550.683 nm, such waveform is depicted in Fig. 5(c) . Finally, a quadruplet was created by means of the linear sum of three complementary doublets pulses, corresponding to the "B" and "C" operation points of three concatenated gratings at wavelengths λ C1 = 1549.837 nm, λ B2 = 1550.683 nm and λ C3 = 1551.695 nm. Just like with the triplet, all the optical lasers inputs involved were activated with a power value of 5.5 dBm. Fig. 5(d) shows the system capability to generate a FCC mask compliant UWB quadruplet.
IV. CONCLUSIONS
In this work, we have proposed and demonstrated a flexible high-order UWB pulse generation system by means of a photonic FBG superstructure. The key point is to take advantage of the benefits provided by the junction between a PM-IM technique with a pulse shaping structure. In our approach, the UWB pulses are produced through the combination of various low-order Gaussian derivatives and their complementary waveforms. The fundamental optical signals to generate the high-order pulses are monocycles and doublets which are accomplished through a PM-IM conversion process that takes place by means of a customized FBGs array. The design process of the FBG structure implies the proper selection of key parameters such as the separation, length and a specific apodized profile. We have experimentally proved the feasibility of this concept by implementing an UWB triplet signal which holds a spectrum compliant with FCC requirements. When comparing the doublet employed as the base lower order pulse and the generated UWB triplet, we observe an improvement in terms of spectral efficiency from 23 % to 65 % as expected. Parallel to this, the system portraits an interesting flexibility for adaptation to binary and multilevel modulation formats such as BPM, PPM and PSM.
